I N T R O D U C T I O N
Phonon or ultrasound is conveniently used to investigate defects in crystals or flaws in materials. We intend to study whether solitons propagating in solids can also be used as another probe for that purpose. We have started computer simulation experiments on phonons using the molecular dynamics (MD) method. A one-dimensional mass-spring model crystal with lattice anharmonicity up to the fourth order in the atomic potential was used. The basic properties of propagating acoustic phonons and conducting thermal phonons were simulated [I] . Phonon conduction in crystals containing mass defects was then studied [2, 3] . The study was extended to the simulation of propagation of solitons in model crystals [4] . In this study, solitons accompanied by phonons were generated, the stability of the solitons against mutual collision was observed, and the dependence of the propagation velocity of solitons on the lattice anharmonicity was investigated. Then, collision of a soliton with lattice defects in crystals was simulated [5-71. Three kinds of defect were taken into consideration: mass defect, spring constant defect and anharmonicity defect. Now the study is extended to the case of twedimensional crystal, and a preliminary report on this subject is given.
M E T H O D
In our computer experiments, the molecular dynamics (MD) method is used for one-dimensional (ID) and two-dimensional (2D) mass-spring model crystals. First, the case of 1D crystal is explained. The model crystal is in the form of a circular chain. A cyclic boundary condition is satisfied for atomic vibration of the model crystal. The atomic mass, interatomic spacing, and number of atoms in the crystal are m, L, and N. For the interatomic force constants, anharmonic potential up to the fourth order, or anharmonic force up to the third order, is taken. The equation of motion for the ith atom in the crystal is m(d2D;/dT2
(1) where D; is the atomic displacement, ~( 3 ) is the jth-order interatomic force constant, and T represents JOURNAL DE PHYSIQUE IV L = 1000, T = 1, and c(') = 1. When the above MD units are adopted, the minimum period of the atomic vibration is To = 3.14. Further, a discrete time interval (MD steps) is taken, and in the computation 1 MD step = 0.05 MD unit. The procedure of simulation for the 2D crystal is essentially the same as in the 1D case. An N x N square lattice crystal is taken, nearest neighbor central forces up to the third order of anharmonicity are considered. Cyclic boundary conditions are given both for the x-and y-directions. In the computation, MD step with shorter time interval, which is 1/100 of those used in the ID case, are adopted because of the high dimensionality.
RESULTS

P r o d u c t i o n of solitons
The method of introducing solitons into the model crystal is illustrated. In the computation of the 1D case, the model crystal used is composed of N = 128 atoms, and the ratios of the force constants .-.
..
-.
. . after pulsed displacements are applied to the two atoms. When the initial displacement Dp is small, for example Dp=O.l, wave packets propagating in opposite directions are excited. These waves are composed of phonons. When the displacement Dp is large enough, for example Dp=3, solitons propagating in opposite directions can be produced. Note that the atomic displacement curve for a soliton is kink-shaped, as can be seen in the figure. There are also tails following the solitons, which are composed of phonons. The displacements of two solitons are opposite in their signs. Solitons are produced only when the atomic displacements in the crystal are large enough, since in this case the crystal anharmonicity is effectively large. Thus we can excite solitons or phonons in the crystal by using larger or smaller input displacement. By observing the stability or instability for mutual collisions, we can identify the excitations as solitons or phonons [4].
In the case of 2D crystal, the number of atoms is N, = N, = 128. The force constants are the same as in the 1D case. All atoms on two atomic rows X = 63 and X = 64 are suddenly displaced in the x direction by Dp, and movements of the atoms on the atomic row Y = 64 are observed.
Figure l(b) shows the snapshot of atomic displacement in the x direction of atoms at the position X at time T. Note that the MD steps chosen are shorter than those in the 1D case, so that the apparent values of T are larger. In the 2D simulation, the obtained results are almost the same as in the 1D case. Phonon packets or solitons with phonon tails propagating in the opposite directions are produced for small or large input pulse. In this case, the displacements of two solitons are the same in their signs. It is important that propagating solitons can thus successfully be produced also in two-dimensional model crystals.
Collision with defects
The problem is treated for the 1D case in the following manner. In these more quantitative computations, the ratios of the force constants (in MD units) were chosen as c(~)/c(') = -0.1 and
C ( 3 ) /~( 1 )
= 0.01. By adopting these choices, the ratio of the second-, third-, and fourth-order elastic constants of the crystal become as C1j : CIJK : CIJKL = 1 : -10 : 100 [7], which is consistent with situations in actual crystals [9] . The number of atoms in the crystal is 600, and a defect is put at the position X = 400. Two atoms at X = 299 and 300 are displaced by Dp, and the excitations, solitons or phonons, propagating in the positive direction are noted. The time variation of the total energy E (= kinetic + potential) in the part of the crystal between X = 400 and 500 is computed.
We call'this part of the crystal "observing crystal part" (OCP).
In the case of soliton propagation in an ideal (defect-free) crystal, the energy in the OCP rapidly increases when the soliton arrives at the edge of the OCP. When the soliton propagates out of the OCP, the energy rapidly decreases. This is because the energy of a soliton is sharply concentrated in space. The energy increment in the OCP is diminished when a defect is introduced at the edge of the OCP. This is originated from the reflection of soliton by the defect. The energy transmission coefficient TE can be calculated from the ratio of the energy increments in the OCP for the cases of defect and ideal crystals [7] .
In the case of propagating phonons, the energy in the OCP gradually increases and then decreases when the phonons pass through the OCP. This is because the energy of a phonon packet is not spatially concentrated, and successively coming and going phonons gradually increase and then decrease the energy in the OCP. Even in this case the transmission coefficient TE can be obtained by using adequately averaged values of the energy increments in the OCP [?I.
The results of the computed energy transmission coefficient TE are as follows. Figure 2(a) is for the case of a mass defect, where an atom with mass m' different from those of body atoms m is introduced into the crystal, and the mass ratio m'lm is varied over a wide range. Results for different input displacements Dp are shown, and the smaller and the larger Dp corresponds to the phonon and soliton cases, respectively. Figure 2(b) is for a spring constant defect, where the first-order force constant, or the spring constant, on both sides of an atom is changed to c(')' from the spring constant c(') for body atoms, and the ratio c(')'/c(') is widely varied. from C(') on both sides of an atom. The ratio c(')'/c(~) is not changed so widely because of the restriction of series expansion in eq. (1). In the cases of mass defect and spring constant defect, the energy transmission TE decreases or the energy reflection increases as the degree of disorder due to the defect (for example, deviation of m'lm from unity) is enhanced for both phonons and solitons.
In the case of anh,+rmonicity defect, most noticeable is that phonons are not reflected and solitons are reflected by the defect. This is understandable because the crystal anharmonicity is essentially There can be defects in crystals where the mass, spring constant, and anharmonicity are unusual. These defects can be distinguished using both phonons and solitons as probes. The anharmonicity defect in particular can be sensitively detected by solitons. Furthermore, a soliton is spatially concentrated, which is convenient when the soliton is used as a probe since the resolution power can be much great. In this context, we are now developing the study of two-dimensional crystal case.
